Aims/hypothesis The escalating rate of childhood obesity is a public health concern worldwide, with children in certain ethnic groups being disproportionately affected. Our objective was to examine the joint effects of pre-pregnancy adiposity, pregnancy weight gain and gestational diabetes (GDM) in relation to excess fetal growth and to identify susceptible races or ethnic populations. Methods The risk for delivery of a large-for-gestational-age (LGA) infant, specific to race and fetal sex, was evaluated in 105,985 pregnancies in the Consortium on Safe Labor from [2002][2003][2004][2005][2006][2007][2008]. Generalised estimating equations were used to estimate the risk for delivery of LGA infants. Joint effects were employed to evaluate the interplay of three risk factors.
Introduction
The escalating rate of childhood obesity has become a serious clinical and public health concern worldwide [1] within certain ethnic groups being disproportionately affected [2] [3] [4] . Growing evidence suggests that the intrauterine environment may play a critical role in the development of obesity and other metabolic outcomes. In efforts to control childhood obesity, it has become increasingly important to identify major preconception-and pregnancy-related risk factors associated with excessive fetal growth as this may represent the true starting point of a life-long propensity to obesity [5] .
Maternal gestational diabetes (GDM) and hyperglycaemia in pregnancy have long been related to excessive fetal growth [6] [7] [8] [9] . Maternal obesity before pregnancy and excessive weight gain during pregnancy are additional, potentially modifiable, independent risk factors of excessive fetal growth [10] and often occur in conjunction with GDM or hyperglycaemia in pregnancy. It is therefore important to evaluate the association of pre-pregnancy obesity and weight gain during pregnancy in the context of the two other major risk factors for excess fetal growth. Moreover, as the prevalence of both GDM and childhood obesity varies by race/ethnicity, the effects of these factors on fetal growth may differ accordingly. Indeed, data from a recent study of 140,128 births among nonHispanic white women and 82,492 non-Hispanic black women in South Carolina suggested that the combined effects of pre-pregnancy obesity and GDM differed between these two groups, with a stronger combined effect of GDM and BMI in black women than in white women [11] . However, given the small number of GDM cases, the interplay of the three major risk factors has not been systematically investigated across multiple races (such as Asians and Hispanics-populations at high risk of GDM).
Using data from the Consortium on Safe Labor (CSL), a large, representative cohort of pregnancies in USA, our objective in this study was to identify subgroups of the population that are particularly susceptible to the adverse impact of maternal hyperglycaemia in pregnancy and to examine the joint and independent effects of GDM, maternal pre-pregnancy BMI and gestational weight gain on excessive fetal growth across four race/ethnicity groups (i.e. non-Hispanic white, non-Hispanic black, Hispanic and Asian/Pacific Islander [PI] ). Such data may be pivotal in developing targeted and efficient strategies for the life-long battle with obesity.
Methods

Data acquisition
The CSL was a study initiated by the Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health, in collaboration with 12 institutions across the USA and has been described in detail elsewhere [12] . In brief, this was a retrospective observational study of births between 2002 and 2008 from 19 hospitals, representing nine American College of Obstetricians and Gynecologists (ACOG) districts. In total, data from 228,562 deliveries were abstracted, including demographic data, medical history, and labour and delivery information in addition to obstetrical, postpartum and neonatal outcomes. Data were abstracted from patient electronic medical records. Maternal and newborn discharge International Classification of Diseases (ICD)-9 codes (www.icd9data.com/2007/Volume1/240-279/250-259/250/ default.htm) were also collected for each delivery. The data coordinating centre received electronic data from each study site and mapped the data to pre-defined variables. Data inquiries, cleaning and logic checking were performed. Validation studies determined that the constructed database was a highly valid representation of the electronic medical records [12] .
Population Exclusion criteria for the analyses reported here include: multiple gestation pregnancies (n=5,059); missing data on major exposures, outcomes and covariates of the study, including pre-pregnancy BMI (n=58,618), weight at admission to the hospital prior to the birth (n=4,384), GDM (n=25,600) and birthweight (n=2,340) and medical history of type 2 diabetes (n=4,213). Moreover, we excluded pregnancies less than 24 weeks (n=1,760) and one site (n= 20,603) was excluded due to suspected under-reporting of GDM where the prevalence of <1% was substantially lower than that expected in the general US population. The final analytical population was composed of 105,985 pregnancies.
Obesity was defined as pre-pregnancy BMI >25 kg/m 2 . High pregnancy weight gain was defined using two methods. First, we used the 2009 Institute of Medicine (IOM) guidelines for weight gain in pregnancy, which contain various recommendations based on pre-pregnancy BMI [13] . Second, we defined high pregnancy weight gain as greater than the median weight gain within the CSL cohort. The results were not appreciably different and we provide results for the data-driven method defining weight gain as greater than the median. Determination of GDM status was recorded in the medical records. Birthweight was captured from labour and delivery records and macrosomia was defined using two common clinical cut-points: >4,000 g and >4,500 g. Infant size was defined as LGA if the infants were >90th percentile birthweight at each gestational age for each race and fetal sex.
Statistical analyses Baseline characteristics of women were compared across categories of offspring size, including LGA, macrosomia (defined as both >4,000 g and >4,500 g) and normal weight (2,700-4,000 g), and by race/ethnicity. Proportions were provided for categorical variables and means and SDs for continuous variables. Characteristics were also compared between subjects missing and not missing data for important covariates. Generalised estimating equations (GEE) were used to estimate the OR for giving birth to a macrosomic or LGA infant for women with GDM vs women without GDM to account for correlation inherent in multiple pregnancies experienced by some women. Generalised linear models with GEE were used to estimate the association between GDM and birthweight. Models were adjusted for potential confounding factors, which were a priori risk factors for GDM and excess fetal growth and not in the causal pathway. To determine whether the association between GDM and infant size varied across categories of BMI (<18.5, ≥18.5 and <25, ≥25 and <30, ≥30 kg/m 2 ), pregnancy weight gain (quartiles) and race (non-Hispanic white, non-Hispanic black, Hispanic, Asian/PI, multi-ethnic/other), effect modification was evaluated using multiplicative interaction terms and stratification. In addition, joint effects modelling considering one, two or three factors, with 0 factors as the reference group, was employed. We restricted the interaction and joint effect analyses to LGA, accounting for race, fetal sex and gestational age, based on our objective of evaluating differences by race and ethnicity. All statistical analyses were performed with SAS software version 9.3 (SAS Institute, Cary, NC, USA).
Results
After exclusions, the analytical population was composed of 105,985 pregnancies of which 10,689 neonates were LGA, 7,718 were macrosomic with a birthweight >4,000 g and 964 were macrosomic with a birthweight >4,500 g (Table 1 ). In general, macrosomic and LGA infants were more likely than normal-weight infants to be born from pregnancies affected by GDM and from women who had a history of a macrosomic baby. Birthweight, regardless of characterisation, was linearly associated with pre-pregnancy BMI, with the highest proportion of large babies born to women whose pre-pregnancy BMI was ≥30 kg/m 2 . Similarly, increasing quartiles of weight gain (defined as admission weight minus pre-pregnancy weight in kilograms) were linearly associated with the proportion of infants born LGA or macrosomic, regardless of definition. Asian/PI women had the highest proportion of babies born LGA (12.13%) and white women had the smallest proportion (9.74%) ( Table 2) ; Hispanic women had the highest proportion of macrosomic infants (birthweight of either >4,000 g or >4,500 g). Moreover, compared with women of other race/ethnicity, Asian/PI women were less likely to be overweight or obese before pregnancy and were less likely to exceed weight gain during pregnancy as recommended by the 2009 IOM guidelines. Of note, the prevalence of both GDM and LGA infants was highest for Asian/PI women and lowest for non-Hispanic white women.
After adjustment for maternal age, weight gain during pregnancy, pre-pregnancy BMI, type of medical insurance, history of macrosomia and parity, GDM was associated with an approximately twofold increased risk for delivering an LGA baby (OR 2.02 [95% CI 1.86, 2.19]). The multivariate adjusted risk estimate (adjusting for the same covariates) for the association between GDM and macrosomia defined as >4,000 g was 1.48 (95% CI 1.34, 1.64) and for macrosomia defined as >4,500 g the OR was 2.59 (95% CI 2.11, 3.18) ( Table 3) . Adding height to the models did not change the OR appreciably (<10%). Finally, adjusting for covariates, having GDM was associated with a 49.18 g increase in continuous birthweight (95% CI 39.10, 67.26) (data not shown).
The association between GDM and LGA delivery varied by category of pre-pregnancy BMI (p value for interaction< 0.0001), being strongest among obese women and weakest among women in the normal BMI range; the OR (95% CI) was 2.10 (1.87, 2.37), 1.77 (1.52, 2.06) and 1.57 (1.31, 1.89) for obese, overweight and normal-weight women, respectively (data not shown). There was also a significant three-way interaction between GDM, pre-pregnancy BMI and race (p value for interaction=0.001). Except for nonHispanic white women, all normal-weight women with GDM demonstrated a significant increased risk for delivery of an LGA infant. In addition, underweight women tended to also have an increased risk across races, though the stratified results were not significant. The association between GDM and an LGA delivery also varied across categories of pregnancy weight gain (p value for interaction <0.0001 (data not shown). Table 4 shows the independent and joint effects of prepregnancy obesity, pregnancy weight gain and GDM on the risk for LGA delivery in comparison to women without any of these risk factors separately for each racial group. Across all races, having GDM, obesity and high pregnancy weight gain was significantly and strongly associated with having an LGA infant although the effect estimates varied across races; OR (95% CI) was 11.27 (8.40, 15.11), 7.09 (4.81, 10.45), 10.19 (6.84, 15.19) and 5.14 (2.11, 12.50) for nonHispanic white, non-Hispanic black, Hispanic and Asian/PI women, respectively. With the exception of GDM in nonHispanic white women, the presence of a single factor was enough to significantly increase the risk for LGA delivery and the presence of two factors appreciably increased the risk compared with women having no risk factors. In nonHispanic white women, GDM was not significantly associated with LGA delivery unless it occurred in combination with either pre-pregnancy obesity or excessive weight gain in pregnancy. The presence of two factors appreciably increased the risk compared with women having no risk factors, although the combination of effects varied across races. For Asian women, when considering multiple risk factors, GDM was associated with the strongest effect. For example, having GDM in combination with either high weight gain or obesity was associated with around a fivefold increased risk for LGA delivery, which did not change appreciably when considering all three factors together. However, for Hispanic and non-Hispanic white women, the association with LGA delivery more than doubled when comparing three risk factors with two. For non-Hispanic black women, the smallest effect alone, and in combination with other factors, was pre-pregnancy obesity (OR 1.87 
Discussion
In this large multi-race/ethnicity cohort in the USA, we found that not only are GDM, pre-pregnancy adiposity and pregnancy weight gain individually associated with excess fetal growth, but also their combined effects lead to substantially increased odds for having a baby born LGA. The influence of varying combinations of these factors differed by race with the effect of all three factors ranging from five-to over 11-fold across races. Specifically, either alone or in combination with either pre-pregnancy obesity or high weight gain, GDM in Asian women was significantly associated with increased risk of LGA delivery; however, the presence of all three factors together did not increase the risk further. Contrary to that finding, compared with having only two factors, the presence of all three factors more than doubled the risk for LGA delivery in both Hispanic and nonHispanic white women. Of note, among non-Hispanic white a Multivariate models adjusted for maternal age, parity, type of insurance and history of macrosomia b All groups are compared with the reference (low-risk) group, which includes non-obese women without high weight gain and without GDM c High weight gain is defined as greater than the cohort median women, GDM was not significantly associated with LGA delivery unless it was present in combination with either pre-pregnancy obesity or excessive weight gain in pregnancy. Physiological differences in glucose metabolism and/or fat storage may account for some of these differences and further research to understand these differences may help elucidate the underlying pathology of GDM and related metabolic impairments. The association of GDM, maternal obesity before pregnancy and weight gain during pregnancy with excess fetal growth has been widely studied individually [6, [14] [15] [16] . As each of these risk factors often occur in conjunction with the others, it is important to evaluate the association of each factor in the context of the two other major risk factors for excess fetal growth. For example, a recent retrospective study of 9,835 women found an increased risk for delivery of an LGA baby among overweight and obese women that was compounded when accompanied by GDM and the effects are additive [17] . However, as the prevalence of b o t h G D M a n d c h i l d h o o d o b e s i t y v a r i e s b y race/ethnicity the effects of these factors on fetal growth may differ by race/ethnicity. The race-specific joint effects of three major risk factors have previously not been comprehensively analysed. Our results are consistent with a recent comparison of two races in South Carolina which showed that the impact of GDM on birthweight was stronger among non-Hispanic black than non-Hispanic white women [11] . However, this study was limited to two races and evaluated the impact of maternal BMI at delivery, but did not consider either pre-pregnancy BMI or weight gain during pregnancy. Using the CSL, a nationally representative cohort, we were able to identify additional racial differences, as well as estimate the contribution made by all three risk factors for LGA delivery, including pre-pregnancy BMI, pregnancy weight gain and GDM.
Discrepancies in earlier results could be due to differences in the study populations (e.g. in terms of race and ethnicity). Rates of GDM differ by race, with black, Hispanic [18] and Asian [19] populations having higher rates compared with non-Hispanic whites. In addition, previous studies have identified racial variation in the risk for macrosomia in infants born to women with GDM [20] [21] [22] [23] . For example, comparing varying races in a Hawaiian population, Silva et al identified greater risk for delivery of infants with macrosomia among native Hawaiian/PI and Filipino women with GDM compared with Japanese, Chinese and white women [22] . Interestingly, the rate of GDM was second lowest (3.6%) among native Hawaiian/PIs (compared with 4.8% overall and 2.3% for white women), despite them having the highest mean BMI, greater than four units higher than the closest group [22] . In addition, previous studies identified Latino women as being at higher risk of delivering infants with macrosomia resulting from GDM in comparison with African-American women [21] , and found that African-American women were at higher risk than non-Hispanic white women [20] .
Variations in the influence of GDM and weight characteristics on macrosomia by race may be due to differences in metabolism exemplified by variation in body composition and/or genetics. For example, although Asian and PI populations display high levels of GDM, BMI is not a major predictor of risk compared with other ethnic groups [24] and the mean BMI in the present study was appreciably lower for Asian/PI women compared with other races. However, compared with the white population, at lower BMI Asians have a higher percentage of body fat [25] . We recently identified a significant association between height and GDM that was strongest among Asian women (J. Brite, E. Shiroma, K. Bowers, E. Yeung, S. K. Laughon, U. Grewal, C. Zhang, unpublished results). Regional fat distribution may also vary between African-American and white women [26] ; one study identified larger subcutaneous adipose tissue depots, adjusted for total fat, among AfricanAmerican women [26] .
One limitation of the present study is the reduced size of the analytical population due to missing data on prepregnancy BMI, a major risk factor for excess fetal growth. A comparison of maternal and infant characteristics between subjects missing and not missing data for pre-pregnancy BMI revealed few differences. The subjects who were and were not missing data on BMI did not differ appreciably by maternal age (27.7 vs 27.2 years), pre-pregnancy weight (68.1 vs 68.2 kg) or hospital admission weight (83.4 vs 82.2 kg), nor did their infants differ by birthweight (3,236.5 vs 3,266.7 g.) or gestational age (38.5 vs 38.6 weeks). They did differ slightly by race, with fewer non-Hispanic white (50.0% vs 54.1%) and Hispanic (11.6% vs 18.9%) and more non-Hispanic black (23.4% vs 17.7%) and Asian/PI (5.0% vs 2.8%) women missing data on prepregnancy BMI. This may have affected our estimated contribution from BMI, especially if data from individuals with high BMI were more likely to be missing. As a sensitivity analysis, we imputed BMI using multiple imputation. The results did not differ appreciably from the main study results. Another limitation of this study is the classification of race/ethnicity in CSL. Specifically, Asian and PI populations were combined, although a prior study comparing Asians and PIs found varying risks for delivery of infants with macrosomia among native Hawaiian, PI and Filipino women with GDM compared with Japanese, Chinese and white women [22] . Additional differences exist between East Asians. For example, a recent study found differences in the association between GDM and delivery of infants with macrosomia for Cambodian and Laotian women compared with Japanese women [23] . Finally, we were missing data on potential covariates of interest, such as additional variables representing socioeconomic status, prenatal care, physical activity, diet and diabetes control, which could help explain race/ethnicity disparities in the association.
There are several strengths to our study, including the large cohort of pregnancies, representative of the US population. In addition, our analyses were strengthened by defining size at birth as LGA for each race and fetal sex. While clear cut-offs for macrosomia, such as >4,000 and >4,500 g, may be useful in a clinical setting because of their simplicity, they may underestimate the number of babies with excessive fetal growth due to inherent racial differences in body size. For example, if Asian women deliver smaller babies compared with other races, it will take a greater excess of growth to reach a standard cut-off such as 4,000 g. Additionally, males tend to be bigger babies than females. Therefore, by calculating size for gestational age, fetal sex and race, we were more likely to capture an appropriate measure of excess size.
In this large multi-race/ethnicity cohort in the USA, we observed that GDM was significantly associated with risk of women giving birth to macrosomic and LGA infants, even among normal-weight and underweight women. More importantly, this association was significantly modified by prepregnancy BMI, pregnancy weight gain and race. The joint effects of pre-pregnancy obesity, weight gain during pregnancy and GDM on fetal growth also varied by race/ethnicity. These results suggest that a woman's race may be an important consideration when developing prevention strategies for excess fetal growth in women with GDM.
